We show that scattering from a single gold nanoparticle is saturable for the first time. Wavelengthdependent study reveals that the saturation behavior is governed by depletion of surface plasmon resonance, not the thermal effect. We observed interesting flattening of the point spread function of scattering from a single nanoparticle due to saturation. By extracting the saturated part of scattering via temporal modulation, we achieve λ=8 point spread function in far-field imaging with unambiguous separation of adjacent particles. DOI: 10.1103/PhysRevLett.112.017402 PACS numbers: 78.67.Bf, 73.20.Mf, 78.35.+c, 87.64.mk The study of surface plasmon resonance (SPR) has recently attracted extensive interest because it provides light manipulation capability for photonic integrated circuits, nano laser, biosensing, and near-field superresolution imaging applications [1][2][3] [4] . For conventional far-field optical imaging, the resolution is limited by diffraction. Recently, several groundbreaking methods were demonstrated to overcome the diffraction barrier, revolutionizing the way we access the nanoworld. However, all previous methods were based on switching [5] [6] [7] or saturation [8-10] of fluorescence, and are severely limited by switching reversibility and photobleaching. So it is highly desirable to find a contrast agent without the bleaching issue.
The study of surface plasmon resonance (SPR) has recently attracted extensive interest because it provides light manipulation capability for photonic integrated circuits, nano laser, biosensing, and near-field superresolution imaging applications [1] [2] [3] [4] . For conventional far-field optical imaging, the resolution is limited by diffraction. Recently, several groundbreaking methods were demonstrated to overcome the diffraction barrier, revolutionizing the way we access the nanoworld. However, all previous methods were based on switching [5] [6] [7] or saturation [8] [9] [10] of fluorescence, and are severely limited by switching reversibility and photobleaching. So it is highly desirable to find a contrast agent without the bleaching issue.
The most appealing candidate is the extraordinarily strong scattering from SPR structures. It has been shown that the spatial resolution of plasmonic nanoimaging can be improved by incorporating nonlinear optical phenomena, such as coherent anti-Stokes Raman scattering [11, 12] and saturation. To our knowledge, neither saturation, nor switching of scattering from SPR structures has been reported, but there are plenty of reports on saturable absorption of plasmonic nanoparticles embedded in a dielectric matrix [13] [14] [15] [16] . Since, in nanoparticles, scattering and absorption are closely linked via Mie theory [17] , we expect to see saturable scattering in a single gold nanoparticle [18] .
In this Letter, our principal finding is that plasmonic scattering in an isolated nanostructure is indeed saturable. The required excitation intensity for scattering saturation is lower when the excitation wavelength is closer to the SPR peak, manifesting that the saturation is governed by SPR. By extracting the saturated part, sub-70-nm full width at half maximum (FWHM) is achieved, demonstrating the first superresolution far-field imaging based on scattering. There is no bleaching of the scattering after prolonged observation and the reversibility of saturable scattering is demonstrated. We thus expand the horizon of superresolution imaging from fluorescence to scattering.
The experimental setup is a standard multicolor confocal laser scanning microscope equipped with a temporal modulation add-up for superresolution, as we showed in Ref. [10] . To compare the wavelength dependence of scattering saturation, three continuous-wave laser sources are selected, with wavelengths at 405, 532, and 671 nm, respectively. Two dimensional raster scanning was achieved with a galvomirror and a piezostage. An oilimmersion 100× objective with numerical aperture (NA) equal to 1.40 is used for both excitation and collection of scattering signals. The scattering signal was detected by a photomultiplier tube (PMT) after a pinhole, and images were formed by synchronizing the PMT signal and the scanner.
For superresolution imaging, two acousto-optical modulators were included to generate an ideal modulation depth; i.e., the lower bound of modulation approaches zero intensity. The modulation frequencies of the two acoustooptical modulators are 40.00 and 40.01 MHz, respectively. By splitting the laser in half to pass each modulator, and recombining them together, 100% modulation at beating frequency (10 kHz) was obtained. We utilized this interferometer configuration to modulate the excitation intensity without harmonic distortion. Since saturable excitation microscopy measures the distortion that appears in the signal light, the linearity of the detector and other parts of the detection system has been carefully checked within the detection range. To achieve superresolution imaging, the modulated laser went through the same optical path of the confocal microscope as described above, and the signals after PMT were sent to a lock-in amplifier (LI5640, NF Corporation, Japan) to filter out components with harmonics of modulation frequency. The filtered signals were sent to a computer to form two-dimensional scanning images.
Figure 1(a) shows the extinction spectra of 40, 50, 80, and 100 nm nanoparticles, manifesting clear SPR peaks. Three different wavelengths were selected for scattering measurement, and the corresponding intensity dependencies are given in Figs. 1(b)-(d) . Among the excitation sources, 532 and 671 nm are located inside the plasmonic band, while 405 nm is not. The attenuation at 405 nm is mainly the consequence of the bulk absorption of gold.
In Fig. 1(b) , the scattering from all sizes of particles follows a linear trend; i.e., no saturation is observed, even with up to a 10 8 W=cm 2 intensity level. In Fig. 1 (c), clear saturation of scattering is found with all sizes of particles. The intensity required to reach saturation with 100=80 nm particles is around 10 5 -10 6 W=cm 2 , which is easily achievable with <1 − mW laser power at the focus of a high-NA objective. In Fig. 1(d) , as the excitation wavelength moves away from SPR, the required intensity for saturation quickly increases, revealing that the saturation is dominated by SPR.
It is evident that with a smaller particle, the intensity required to reach saturation becomes higher, in good correspondence to the extinction spectra. This result is similar to the observation of saturable absorption in gold nanoparticles, where the larger the particle, the higher is the corresponding nonlinearity [15] . It is interesting to notice that the saturation intensities of 40=50 nm particles are about 4 times that of the 80=100 nm particles in Fig. 1(c) , suggesting that saturable scattering is inversely proportional to cross section. Further studies are necessary to clarify the dependence of saturation intensity on size and resonant wavelength.
Similar to saturable absorption of gold nanoparticles, the mechanism of saturable scattering can be the depletion of the ground-state plasmon [13] . In general, the rate of excitation and the rate of relaxation determine the population in the ground state. When the two rates are the same, the required saturation intensity can be written as I sat ¼ ðhν=στÞ, where I sat is the same as the 50% saturation intensity we defined earlier, hv is the photon energy, σ is the absorption cross section, and τ is the excited state lifetime. The absorption cross section of a 100-nm gold nanoparticle is estimated to be 3 × 10 −10 cm 2 [19] , and the lifetime of the excited-state plasmon through electronelectron dephasing is on the order of 10 fs [20] . With our 532-nm excitation, the equation indicates that saturation intensity should be 10 5 W=cm 2 , which fits well to our experimental result.
The thermal effect is another possible mechanism for saturation behavior. However, it has been reported that thermal effect is not dominating for single-particle saturable absorption with a similar intensity level [16] . In our experiment, heating of the surrounding medium causes blue shift in the SPR spectrum [21, 22] . If the scattering variation is governed by heating of the particle-medium complex, the slope of scattering at 532 nm, which is on the blue side of the plasmonic band, should exceed the linear trend while the slope at 671 nm, which is on the red side, should drop below linear. Apparently, it is different from our observation, where both 532 and 671 nm exhibit saturation behavior. So we conclude that thermal effect does not play a significant role for the saturable scattering.
The capability of repeatable and reversible observation of saturable scattering is shown in Fig. 2(a) . The laser intensity (532 nm) starts from higher than 10 6 W=cm 2 , which is adequate to induce saturable scattering. In the first row, the laser intensity gradually drops from 10 6 to 10 4 W=cm 2 , and in the second row, the intensity rises back to 10 6 W=cm 2 . It is clear that saturable scattering can be reversibly and repeatedly induced on the same particles.
In addition, the shape of the point spread function (PSF) changes dramatically with saturation of scattering, as shown in Figs. 2(b) and (c). In Fig. 2(b) , the laser intensity is 10 4 W=cm 2 , and the PSF fits well to a Gaussian function with 230-nm FWHM. In Figs. 2(c) and (d) , the peak laser intensity is increased to 10 5 and 10 6 W=cm 2 , respectively, to saturate the scattering. As a result, the center of the scattering PSF becomes flat due to this saturation.
Conceptually, it is not difficult to understand how saturation can be adopted to enhance optical resolution. Considering a focus with a Gaussian profile, saturation must start from the center, where the intensity is strongest, as shown in Fig. 2(c) . The key for realizing superresolution microscopy by saturation is to extract the saturated part spatially. This can be achieved by spatially [9] or temporally [10] modulating the excitation. Here we utilize the latter geometry, whose basic concept has been shown in Ref. [10] . In brief, with temporally modulated excitation, the scattering signal in the peripheral linearly follows the modulation frequency, while the scattering near the center exhibits nonlinear saturation. The saturation of the signal results in the appearance of harmonics in modulated signals. By selectively collecting scattering signals that exhibit harmonic frequencies with a lock-in amplifier, the size of the effective PSF is reduced, enabling superresolution imaging. Note that the resolution in all three dimensions can be simultaneously enhanced by this method [10] .
To demonstrate resolution enhancement, 100-nm particles were used with 532-nm excitation. Figure 3(a) shows the experimental verification of emergence of modulation harmonics in the scattering signal when the excitation intensity increases over 10 4 W=cm
2
. The intensity splitting among f m , 2f m , and 3f m components is clearly visible. It should be noted that for higher order harmonics, the intensity dependence is steeper. As a consequence, the peripheral of PSF is suppressed by this nonlinear dependence, so the optical resolution is enhanced, as shown in Fig. 3(b) . In Fig. 3(b) , an image from the scanning electron microscope in the corresponding area is provided for comparison. It is evident that resolution enhancement is universal for isolated particles. The arrow shows two particles that can only be resolved when we took signals from modulation harmonics. The signal profiles of the scattering intensity demodulated at f m , 2f m , and 3f m of the two nanoparticles are given in Figs. 3(c)-3(e) . The FWHM of a single particle with fundamental modulation frequency is 230 nm [same as Fig. 2(b) ], and is reduced to 110 and 65 nm when extracting second and third harmonic frequencies, respectively. Since only scattering is involved, no photobleaching is expected or observed for prolonged observation here.
One note from Fig. 3(b) is that when two or more particles are closely packed to each other, our technique cannot distinguish these aggregated particles because plasmonic coupling occurs, resulting in redshift of the SPR band [23] . From Fig. 1 , it is clear that when the excitation wavelength is away from the SPR peak, saturation is more difficult to observe. Since the excitation wavelength is kept at 532 nm in Fig. 3 , the saturation behavior is much weaker for the aggregated particles, and thus the intensities of 2nd and 3rd harmonics are significantly weaker than those of isolated particles, as pointed out by the arrowheads in Fig. 3(b) . In the future, more quantified experiments to investigate aggregation-induced spectrum shift and saturation of scattering will be highly desirable.
It is interesting to compare scattering with other microscopic contrasts such as fluorescence and absorption in terms of saturation. It has been known for more than 30 years that fluorescence can be saturated [24] , and this fact has been used in the field of microscopy for almost 20 years [25, 26] . However, our work is the first report that scattering of a single gold nanoparticle can be saturated. Besides, fluorescence suffers from bleaching while scattering does not. So one of the key points of our current work is to demonstrate resolution enhancement based on a nonbleaching contrast agent. On the other hand, saturable absorption has been found for a half century [27] , and saturable absorption in plasmonic materials has been known for 20 years [13] [14] [15] . However, previous literatures mentioned only the saturation of absorption, and we are the first to measure the saturation of backscattering. In addition, previous experiments on saturable absorption of plasmonic materials were performed with an ensemble of nanoparticles, while our work reveals saturable scattering on a single particle basis. Finally, although saturable absorption has been used in the field of microscopy [16] , no result of resolution enhancement has been reported. Our novelty in this work lies in applying the saturation of scattering from a single plasmonic particle to enhance the optical imaging resolution beyond the diffraction limit.
In summary, our result features the first demonstration of scattering saturation in an isolated plasmonic nanostructure, and the saturation behavior is successfully applied to superresolution microscopy. By extracting the saturated part inside the focal region, we have achieved sub-70-nm spatial FWHM, which is enough to resolve the wavelength of the surface plasmon polariton in nanoscale optoelectronic devices [28, 29] . With a gold nanoparticle, the mechanism of saturable scattering can be bleaching of the ground-state plasmon, similar to saturable absorption. Since saturable absorption has been observed in many kinds of materials [30, 31] , we expect saturable scattering will soon become more general. Molecular specificity can be provided by a spectral fingerprint of scattering or characteristic value of nonlinear coefficient. It is well known that gold nanoparticles are useful in various biomedical applications, so the saturation of scattering will find potential applications to not only biomedical imaging, but also biosensing, diagnosis, plasmon-assisted therapy, etc. [32] [33] [34] . In particular, the nonlinear saturation of the plasmon is expected to increase resolution of all SPRrelated imaging modalities, such as surface-enhanced Raman scattering [35] and the apertureless near-field microscopy [36] , which currently exhibits the highest optical resolution. We anticipate our demonstration to be a stimulating example in finding more exotic contrast agency for improving optical resolution. 
FIG. 3 (color online)
. Scattering saturation and resolution enhancement for a 100-nm gold nanoparticle excited with a 532-nm laser. (a) As the excitation intensity grows, the nonlinear part of scattering emerges, corresponding to harmonics of modulation frequency. The black, blue, and purple dashed lines show slopes equal to 1, 2, and 3, respectively. The gray dotted line represents the shot noise level of the detection system. (b) By extracting scattering with modulation harmonics, the resolution is significantly enhanced. The topmost panel is an scanning electron microscope (SEM) image of 100-nm gold nanoparticles on glass surface for reference. A white arrow indicates two particles that are separated with about 100-nm distance. The second panel is the conventional scattering image, which corresponds to the fundamental modulation frequency f m , showing that these two nearby particles are unresolved. In the third panel, which corresponds to the 2f m component, the resolution is improved to 110 nm, and the two particles can be identified. In the bottom panel, which corresponds to the 3f m component, the two nearby nanoparticles are clearly resolved, manifesting the resolution enhancement of our technique. On the other hand, the arrowheads mark particle aggregations, showing that the 2f m and 3f m intensities drop very fast due to SPR wavelength shift. (c)-(e) The detailed line profiles of the two particles marked by the white arrows in (b). (c)-(e) correspond to fundamental (f m ), second-harmonic (2f m ), and third-harmonic (3f m ) modulation frequencies, respectively.
